Surface waters, such as rivers and lakes, receive large amounts of waste water from industrial, agricultural, and domestic sources as well as from municipal sewage treatment plants. These waters, which contain unidentified substances, are typically used as the source of drinking water. Chlorination has been widely applied in the disinfection process of drinking water for decades and can effectively reduce waterborne infections caused by pathogenic microorganisms[@b1]; and the DBPs were concerned and detected since the 1970s[@b2][@b3][@b4]. Many researchers have reported that these types of DBPs present mutagenic, genotoxic, and carcinogenic effects in *in vitro* and *in* *vivo* experiments[@b5][@b6]. In addition, many epidemiological studies have indicated that exposure to these compounds is highly related to the occurrence of bladder and rectal cancer, growth retardation, spontaneous abortion, and congenital cardiac defects[@b7][@b8][@b9].

The water environment has deteriorated over the past 30 years. Indeed, many researchers have reported that substances with genotoxic, and mutagenic activities are detectable in most source waters in China[@b5][@b10][@b11][@b12]. The Yangtze River, the largest river in Asia, with a length of 6,397 km, flows through Wuhan City, the capital of Hubei Province, with a population of 10,000,000, and is the main water supply for the city. The Hanshui River, the largest tributary of the Yangtze River, with a length of 1,577 km and 75% catchment areas in Hubei Province, rises from Hanzhong City and flows through the Jianghan Plain and empties at Wuhan City into the Yangtze River. In Wuhan City, the water quality of the Yangtze River is mainly affected by the Hanshui River, and both rivers are used as the main water source for the city. Ten years ago, Yuan et al.[@b13] investigated the genotoxic potential of water from the Yangtze River and Hanshui River in Wuhan and found that all water extracts caused dose-dependent DNA mutation at certain concentrations. Additional studies have noted that in the water system of the Yangtze River basin, such as Taihu Lake and Yangtze Delta, mutagenicity varies during different seasons and that different treatment processes result in various mutagenic strengths[@b14][@b15]. Because of the many sewage outfalls along their banks, the water quality of the Yangtze River and Hanshui River is threatening the health of more than a hundred million people. However, few reports have been published on the genotoxic potential and the seasonal-dependent variations in the genotoxicity of the water in the two rivers.

Currently, qualitative and quantitative analyses of drinking water generally involve chromatography and other methods; however, the equipment required is expensive, and measuring the trace level of organic compounds in water requires complex pretreatment, which hampers routine monitoring. Furthermore, chemical analysis cannot completely evaluate exposure to various organic toxins and therefore cannot reflect joint toxic effects[@b16][@b17]. Toxicity assays of an entire sample are important for improving the assessment of hazardous chemicals in drinking water[@b18]. In the USA, some bioassays are applied for acute or chronic toxicity detection and can be used as a criterion for water quality[@b19]. Similarly, in China, the application of genetic toxicology assays in aquatic system monitoring is necessary and feasible[@b15]. Evaluating organic compounds in drinking water usually involves the chemical oxygen demand (COD), biochemical oxygen demand (BOD), total organic carbon (TOC), ammonia nitrogen, nitrate nitrogen, total nitrogen, and other water quality parameters, but these parameters fail to evaluate in detail the contents of toxic pollutants and the strength of their biological toxicity. Therefore, correlations between water quality parameters and biological effects need to be demonstrated. Indeed, the application of water quality parameters to quickly and economically predict the biological toxicity strength of organic pollutants in water has become an issue of concern for both domestic and foreign research organizations[@b20][@b21].

The objectives of this study were to (a) further investigate the mutagenic activity of organic contamination in the Yangtze River and Hanshui River, (b) explore the correlations between the water quality parameters and mutagenicity strength, and (c) recommend mutagenicity data as a new parameter to assess the quality of drinking water.

Methods
=======

Chemicals
---------

Chemicals were obtained as follows: glucose-6-phosphate, nicotinamide adenine dinucleotide phosphate (NADP), 2-aminofluorene (2-AF), dimethyl sulfoxide (DMSO), L-histidine, and sodium p-(dimethylamino)benzenediazo sulfonate (Dexon) from the Sigma Chemical Co. (USA); Amberlite XAD-2 resin from Serva Chemical Co. (Germany); and acetone, dichloromethane, and other chemicals of analytical grade from Wuhan Chemical Co. (China).

Water sample collection and SPE extraction
------------------------------------------

From 2007 to 2009, a total of 54 water samples, including raw water, finished water, and distribution water, from three different hydrologic periods (level period (March), wet period (July), and dry period (December)) were collected from the two water plants using stainless steel drums. As illustrated in [Figure 1](#f1){ref-type="fig"}, Plant A, located at the center of the city, receives water from the Yangtze River and supplies the most populated and concentrated areas. Plant B is supplied by water from the Hanshui River and is located at an estuary; thus, the water samples collected there should represent the water quality of the Yangtze River. Both plants apply a conventional water treatment process that includes prechlorination, coagulation, sedimentation, filtration, and chlorination, similar to the description by Wang[@b22].

Each sample was approximately 140 L. The organic compounds in the water samples were extracted using XAD-2 resin, and the columns (40 mL) were cleaned and conditioned following the standard methods[@b23]. In brief, the columns were conditioned with methanol, ether, and acetonitrile in a Soxhlet extractor for more than 8 hours. As the finished water and distribution water were relatively clean, they were directly percolated through the columns, whereas the raw water samples were filtered through a 1-μm glass fiber filter to separate the dissolved and particulate phases prior to extraction[@b24]. Then, all water samples were percolated through the columns at a flow rate of 40 mL/min within 12 h of collection. The columns were then washed with 100 mL tri-distilled water and then dried under vacuum for 1 h. Subsequently, the retained analytes were eluted at a flow rate of 10 mL/min with acetone (40 mL) and an acetone:n-hexane solution (120 mL, 25:75, v/v), followed by 80 mL dichloromethane. Blanks were included to confirm the absence of carryover. The eluents were then reduced to 10 mL using a vacuum rotary evaporator in a water bath at 40°C. Finally, the samples were dried under a gentle nitrogen stream. For the Ames test, these extracts were dissolved in DMSO[@b25][@b26] and were matched into a specific concentration series to make 0.1 mL solutions containing organic compounds from 0.5 L, 1 L, and 2 L water to produce 0.5, 1.0, and 2.0 L equivalent/plate of water samples, respectively. The concentrates were stored at −20°C for further analysis.

It should be pointed out that during the water sample treatment described above, most of the volatile organic compounds will not be absorbed. Our aim is focusing on the nonvolatile groups for in China and most of the countries around the world, people boil water before drinking, and many studies pointed out that volatile DBPs like chloroform and other THMs are not mutagenic or genotoxic in a wide array of system and end point *in vivo* and *in vitro*[@b27][@b28][@b29]. Thus in this study we mainly focus on the nonvolatile groups.

Chemical analysis
-----------------

Water parameters, including chemical oxygen demand (COD), residual chlorine, ammonia nitrogen, total nitrogen, nitrate, total organic carbon (TOC) and UV~254~, were detected following the national standard methods for drinking water quality of China[@b30], turbidity, pH, and water temperature were obtained from the water quality monitoring department at each water plant ([Supplementary Tables S1](#s1){ref-type="supplementary-material"}, [S2](#s1){ref-type="supplementary-material"}, and [S3](#s1){ref-type="supplementary-material"}).

Ames test
---------

The *Salmonella*/microsome mutagenicity assay is a short-term bacterial assay specifically designed to detect substances that can cause genetic damage that leads to mutations and to explore the mutagenic potential of mixtures[@b31]. As the Ames test is widely used as an initial screen to determine the mutagenic potential of water samples, the mutagenicity of the extracts of water samples taken from the Yangtze River and Hanshui River in this study was assessed using the *Salmonella* bioassay.

*Salmonella typhimurium* strains TA98 and TA100 were kindly provided by Prof. B.N. Ames (University of California, Berkley, USA) and stored at −80°C. The procedures for bacterial culture, identification of genetic characters, and plate incorporation assay were essentially the same as described by Maron and Ames[@b31][@b32]. 2-AF (20 μg/plate) and Dexon (50 μg/plate) were used as positive controls with and without S9 (a microsomal enzyme metabolic activation mixture); DMSO served as the negative solvent control. All determinations were performed in triplicate. In general, a two-fold increase in the mutation ratio (MR = mutant colonies on test plate/spontaneous mutant colonies on negative control plate) and a dose-response relationship observed in a test sample is considered a positive mutagenic response[@b33][@b34].

Statistical analysis
--------------------

All data are reported as the mean with standard deviation. Statistical analyses were performing using SPSS for Windows software version 12.0 (SPSS Inc., Chicago, IL, USA). Comparisons between the group with and without S9 and the difference between the mutagenicity of the samples from Plant A and Plant B were analyzed using a paired sample *t*-test. Spearman correlation coefficients were used to describe the correlations between the parameters and mutagenicity. A one-way ANOVA was applied to determine the difference between seasons, and the water samples were divided into three parts according to hydrological periods: the level period, wet period, and dry period.

All reported *P* values are 2-sided, and *P* \< 0.05 was considered to be statistically significant.

Results
=======

Mutagenicity of drinking water from Plant A
-------------------------------------------

According to the Ames test results, the water samples from Plant A demonstrated mutagenicity toward strain TA98, and this mutagenicity became stronger as the dose increased from 0.5 to 2.0 L/plate. Conversely, mutagenicity toward strain TA100 was only detected for the finished water (2 L/plate) from the 2009 level period ([Table 1](#t1){ref-type="table"} and [Table 2](#t2){ref-type="table"}). The mutagenic strength decreased with S9 incubation in most samples except for the following: the distribution water (1 L/plate) from the 2007 level period, distribution water (2 L/plate) from the 2008 wet period, raw water (2 L/plate) from the 2009 dry period, and distribution water (2 L/plate) from the 2009 dry period.

Mutagenicity of drinking water from Plant B
-------------------------------------------

The Ames test results for the water samples from Plant B were similar to those from Plant A. The Ames test with TA100 was negative except for the distribution water (2 L/plate) from the 2009 dry period, whereas the 2 L/plate with TA98 presented mutagenicity ([Table 3](#t3){ref-type="table"} and [Table 4](#t4){ref-type="table"}). Similar to the samples from Plant A, mutagenicity decreased with S9 incubation, except for the finished water (0.5, 1, and 2 L/plate) from the 2007 level period, raw water (2 L/plate) from the 2008 level and wet periods, and raw water and distribution water (1 and 2 L/plate) from the 2009 dry period.

Discussion
==========

Comparison of the mutagenicity of drinking water from Plant A and Plant B
-------------------------------------------------------------------------

According to the results of the Ames test, mutagenicity decreased with S9 incubation in most of the samples. The paired sample *t*-test confirmed the existence of a significant difference between S9 activation and no S9 activation (based on the MR values of 2 L/plate (TA98), *α* = 0.05; Plant A: *t* = 4.034, *P* = 0.0004; Plant B: *t* = 2.458, *P* = 0.021). This finding indicated that the organic compounds in the water can be partly inactivated or degraded into less toxic substances but cannot be completely eliminated. The organic compounds in the water samples were mainly direct mutagens, though some indirect types may also be present[@b33][@b35]. Positive results were found for all of the TA98 (without S9) tests as the dose increased to 2 L/plate, whereas few TA100 tests (with or without S9 incubation) showed mutagenicity, which suggests that the organic compounds in the water were mainly frame-shift mutagens. This finding is consistent with previous reports[@b36][@b37].

As shown in [Supplementary Table S4](#s1){ref-type="supplementary-material"}, there was no significant difference between the distribution water and raw water from the two rivers. However, the mutagenicity between the finished waters was different, which may be due to the different chemical reactions in the treatment processes and the long water transportation pipelines, leading to the transformation of the organic compounds that were present in the water. As shown in [Figure 2](#f2){ref-type="fig"}, the mutagenicity of the finished water samples was stronger in the samples from Plant B than in the samples from Plant A.

In the present study, genotoxicity was not detected in the raw water samples or was weaker than the corresponding finished water samples, as the finished water samples had higher MR values. This finding indicates that the DBPs form and genotoxicity emerges during the treatment process, which is in accordance with previous research[@b4]. And most of the distribution water presented weaker mutagenicity compared to the relative finished water. One possible explanation for this would be the long transportation (Plant A 3 km pipelines, Plant B 8 km pipelines) that cause change of the physical and chemical factors and the microorganisms in the pipeline that cause the degradation of the organic compounds[@b38][@b39].

Compared to other studies in China[@b11][@b12][@b40][@b41], the mutagenicity of Hanshui River samples was higher, with a maximum MR value of 10.96 ([Table 3](#t3){ref-type="table"}), whereas the mutagenicity of samples from the Yangtze River was average. In addition to the measured deviations, the large amount of sewage outfalls from the relatively concentrated industrial areas of Wuhan City and the residential activities along the river may be responsible for the high MR values of the Hanshui River samples.

Seasonal-dependent variation of mutagenicity of water samples from Plant A and Plant B
--------------------------------------------------------------------------------------

As illustrated in [Figure 2](#f2){ref-type="fig"}, the mutagenicity of the water samples varied during different periods. For Plant A, the mutagenicity strength was the strongest in 2007, followed by 2009. Furthermore, the results show some variation throughout a given year, with the lowest reactivity in the wet period, increasing in the dry period, and usually reaching a maximum in the level period. For Plant B, the mutagenicity strength was the strongest in 2008, followed by 2007; all of the wet periods in the three years presented the weakest mutagenicity strength, similar to Plant A.

As shown in [Supplementary Table S5](#s1){ref-type="supplementary-material"}, only finished water from Plant A showed a significant difference in mutagenicity. As mentioned above, the wet period samples from both Plant A and Plant B showed the weakest mutagenicity strength, followed by samples from the dry period. Several factors may explain this finding, such as aquatic organisms, rainfall, runoff, and temperature in the various hydrological periods. Similarly, the activities of residents living along the river vary with the season. Jianyong Wu et al. reported that Taihu Lake water samples obtained in winter had the strongest mutability, which is consistent with our study[@b15].

Correlations between water quality parameters and the mutagenicity of water samples
-----------------------------------------------------------------------------------

Raw water contains a large amount of humic acid, fulvic acid, and other organic materials, resulting in a high COD value. Chlorination, a widely applied technology to purify water, can lead to the oxidation of organic matter to decrease COD values, but the DBPs formed during chlorination lead to increased mutagenicity, as shown in this study. Although most carbon exists in the form of organic materials in water, the TOC reflects the organic pollution level. In general, as the concentration of TOC in raw water increases, the concentration of DBPs also increases[@b42]. Research has noted that there are correlations between water parameters and genotoxicity[@b43][@b44][@b45]. According to the quantity of water an adult consumes each day (suggested dose = 2 L/day, U.S. EPA[@b46]), the values of MR varied according to the trend of COD and other parameters, as illustrated in [Figure 3](#f3){ref-type="fig"}. By applying Spearman correlations, the associations between mutagenicity and water quality parameters were determined. As shown in [Supplementary Table S6](#s1){ref-type="supplementary-material"}, of the raw water samples, MR (−S9) had a positive correlation with COD, total nitrogen, and TOC. No correlations were found between MR (−S9) and the other parameters, and MR (+S9) had no positive correlation. As shown in [Supplementary Table S7](#s1){ref-type="supplementary-material"} and [Table S8](#s1){ref-type="supplementary-material"}, only the MR values (+S9) of the distribution water samples showed a positive correlation with UV~254~.

The levels of mutagenicity produced by chlorination of the organic matter in natural waters was also found to rise with increased TOC[@b45][@b47]. Consistent with these observations, there was a fairly good correlation (*r* = 0.681) between the TOC concentration and the mutagenicity level in the raw water samples in our work. UV~254~ is the ultraviolet 254 nm absorption value. As water typically contains organic matter with benzene rings, phenolic hydroxyl groups, conjugated double bonds, and hydrophobic groups that have a high absorption peak (UV~254~ nm), UV~254~ indirectly reflects this type of organic matter in water. TOC is an indicator of the mass of organic matter, whereas UV~254~ accounts for the specific structure and functional groups[@b48][@b49]. Schenck et al. (2009) reported that chlorinated drinking water in a test with TA100 without S9 correlated well with TOC, with the correlation coefficient between finished water and the total organic halogen content being the highest, approximately 0.95[@b50], which is in agreement with our results. The total nitrogen content of the water correlated well with the mutagenicity, whereas ammonia nitrogen was not correlated; thus, we can deduce that nitrate nitrogen plays a major role in mutagenicity, which is in agreement with a previous study[@b5][@b51]. Additionally, researchers have reported that strong correlations exist between genotoxicity and the UV~254~ of finished water[@b44][@b49]; however, correlations were not found in the present study.

The aquatic system and water treatment processes are variable, and river water quality is affected by many complicated factors, such as hydroclimatic factors and human activities. The correlations observed, therefore, require further investigation to have a wider application.

Conclusion
==========

With regard to the river environment, only a few studies have focused on the mutagenicity of water from the Yangtze River and Hanshui River. We measured the mutagenic potential of water from the two rivers, the major sources of drinking water in Central China, and demonstrated seasonal-dependent variations. The water parameters COD (*r* = 0.599, *P* = 0.009), TOC (*r* = 0.681, *P* = 0.02), UV~254~ (*r* = 0.711, *P* = 0.001), and total nitrogen (*r* = 0.570, *P* = 0.014) presented strong correlations with mutagenicity (TA98) at 2.0 L/plate. Genotoxicity data (MR values of the Ames test (TA98) at the dose of 2 L/plate) are often not examined when assessing the quality of drinking water, but these values were frequently at significant levels during this investigation, which highlight the importance of monitoring them in drinking water. Therefore, it is recommended that genetic toxicology assays, such as the Ames test (2 L/plate), be used as a routine measurement in water environment monitoring. The results from this field study of drinking water in Wuhan indicate the need for improvement in the standard of drinking water quality in China. Further studies on the effects of water from these rivers, including an epidemiological study of the people who drink from or live along them, and models that can predict genotoxicity using water parameters are needed.
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![The Location of Sampling Points along the Yangtze River and Hanshui River.\
Plant A: source of Yangtze River water. Plant B: source of Hanshui River water.](srep09572-f1){#f1}

![MR Values (mean ± deviation; TA98, −S9, 2 L) of Water Samples from Plant A and Plant B from Different Periods.\
MR: mutation ratio, the fold-increase over the negative control plates.](srep09572-f2){#f2}

![Water Parameters and MR Values (TA98, −S9, 2 L) of Raw Water from Plant A in Different Periods.\
MR: mutation ratio, the fold-increase over the negative control plates.](srep09572-f3){#f3}

###### Results (MR: mean ± deviation) of the Ames Test (TA98) for Plant A

  Period                               Dose (L/plate)        2007              2008              2009                                            
  -------------- -------------------- ---------------- ----------------- ----------------- ----------------- ----------------- ----------------- -----------------
  Level period        Raw water             0.5           1.35 ± 0.04       1.40 ± 0.16       1.44 ± 0.02       1.10 ± 0.13       0.65 ± 0.37       0.87 ± 0.08
                                             1            1.73 ± 0.00       1.73 ± 0.24     **2.46 ± 0.13**     1.43 ± 0.38       1.05 ± 0.17       0.85 ± 0.37
                                             2          **2.54 ± 0.12**   **2.22 ± 0.19**   **3.89 ± 0.06**   **2.11 ± 0.39**     1.35 ± 0.09       1.05 ± 0.42
                    Finished water          0.5         **2.03 ± 0.07**   **2.08 ± 0.12**   **2.46 ± 0.26**     1.61 ± 0.21       1.63 ± 0.39       1.04 ± 0.03
                                             1          **2.86 ± 0.19**   **3.18 ± 0.47**   **3.12 ± 0.49**     1.77 ± 0.39     **2.17 ± 0.15**     1.28 ± 0.14
                                             2          **6.03 ± 0.25**   **4.20 ± 0.34**   **4.97 ± 0.36**     1.96 ± 0.35     **3.07 ± 0.06**     1.69 ± 0.13
                  Distribution water        0.5         **2.21 ± 0.10**     1.59 ± 0.11       1.82 ± 0.12       1.28 ± 0.00       1.13 ± 0.63       1.02 ± 0.05
                                             1          **3.55 ± 0.19**   **2.24 ± 0.14**   **2.60 ± 0.62**     1.65 ± 0.06       1.87 ± 0.11       1.34 ± 0.21
                                             2          **4.69 ± 0.41**   **3.98 ± 0.02**   **5.93 ± 0.01**   **2.61 ± 0.45**   **2.68 ± 0.09**     1.73 ± 0.05
  Wet period          Raw water             0.5           1.21 ± 0.66       1.25 ± 0.13       1.14 ± 0.14       1.09 ± 0.40       1.42 ± 0.33       0.99 ± 0.34
                                             1            1.62 ± 0.46       1.40 ± 0.22       1.42 ± 0.59       1.35 ± 0.35       1.58 ± 0.30       1.32 ± 0.17
                                             2          **2.24 ± 0.32**     1.80 ± 0.12       1.94 ± 0.18       1.95 ± 0.36       1.70 ± 0.61       1.65 ± 0.32
                    Finished water          0.5           1.58 ± 0.24       1.12 ± 0.30       1.50 ± 0.44       1.23 ± 0.16       1.12 ± 0.65       1.49 ± 0.22
                                             1            1.92 ± 0.55       1.46 ± 0.15       1.90 ± 0.53       0.96 ± 0.31       1.51 ± 0.43       1.34 ± 0.25
                                             2            1.39 ± 0.20       1.68 ± 0.15     **2.64 ± 0.24**   **2.56 ± 0.20**   **2.40 ± 0.07**     1.72 ± 0.10
                  Distribution water        0.5           1.54 ± 0.42       1.36 ± 0.29       1.28 ± 0.53       1.19 ± 0.40       1.43 ± 0.33       1.22 ± 0.40
                                             1          **2.06 ± 0.58**     1.44 ± 0.15       1.75 ± 0.59       1.35 ± 0.04       1.68 ± 0.60       1.22 ± 0.18
                                             2          **2.49 ± 0.64**     1.69 ± 0.13     **3.22 ± 0.47**   **2.21 ± 0.03**   **2.07 ± 0.46**     1.97 ± 0.28
  Dry period          Raw water             0.5         **2.50 ± 0.47**     0.59 ± 0.29       1.45 ± 0.52       0.92 ± 0.40       1.08 ± 0.30       1.39 ± 0.36
                                             1          **2.23 ± 0.27**     0.68 ± 0.08       1.22 ± 0.38       1.16 ± 0.19       1.15 ± 0.13       1.52 ± 0.37
                                             2          **3.56 ± 0.22**     0.70 ± 0.56       1.66 ± 0.27       1.12 ± 0.27       1.60 ± 0.55     **2.54 ± 0.16**
                    Finished water          0.5         **2.99 ± 0.20**     0.75 ± 0.21       1.14 ± 0.30       1.40 ± 0.09       1.29 ± 0.06       1.88 ± 0.43
                                             1          **2.18 ± 0.32**     0.89 ± 0.29       1.32 ± 0.46       1.21 ± 0.19     **2.27 ± 0.28**   **2.21 ± 0.31**
                                             2          **5.34 ± 0.08**     1.36 ± 0.15     **2.57 ± 0.55**     1.44 ± 0.17     **3.97 ± 0.62**   **2.67 ± 0.17**
                  Distribution water        0.5         **3.66 ± 0.35**     0.92 ± 0.01       1.14 ± 0.54       1.00 ± 0.20       1.74 ± 0.51     **2.01 ± 0.19**
                                             1          **3.63 ± 0.55**     0.88 ± 0.08       1.61 ± 0.10       1.05 ± 0.39     **3.04 ± 0.29**   **2.82 ± 0.39**
                                             2          **5.96 ± 0.24**     1.62 ± 0.13     **2.20 ± 0.64**     1.30 ± 0.27     **4.07 ± 0.59**   **5.42 ± 0.40**

TA98, *Salmonella typhimurium* strain used in the Ames test to detect frame-shift mutants.

MR: mutation ratio, the fold-increase over the negative control plates.

###### Results (MR: mean ± deviation) of the Ames test (TA100) for Plant A

  Period                               Dose (L/plate)      2007          2008          2009                                      
  -------------- -------------------- ---------------- ------------- ------------- ------------- ------------- ----------------- -------------
  Level period        Raw water             0.5         0.97 ± 0.02   0.96 ± 0.01   1.06 ± 0.06   0.94 ± 0.04     0.96 ± 0.12     0.98 ± 0.11
                                             1          1.25 ± 0.06   1.09 ± 0.03   1.02 ± 0.08   1.06 ± 0.06     1.07 ± 0.12     0.99 ± 0.11
                                             2          0.54 ± 0.02   1.13 ± 0.03   1.05 ± 0.21   1.01 ± 0.02     0.99 ± 0.22     1.11 ± 0.13
                    Finished water          0.5         0.77 ± 0.00   1.08 ± 0.07   0.88 ± 0.13   0.79 ± 0.03     1.63 ± 0.11     0.97 ± 0.04
                                             1          0.75 ± 0.02   1.14 ± 0.04   0.85 ± 0.05   0.70 ± 0.09     1.39 ± 0.22     1.06 ± 0.14
                                             2          0.38 ± 0.01   1.46 ± 0.01   1.20 ± 0.01   0.51 ± 0.10   **2.08 ± 0.06**   1.21 ± 0.11
                  Distribution water        0.5         0.86 ± 0.07   1.09 ± 0.05   1.07 ± 0.10   0.99 ± 0.05     1.05 ± 0.09     0.99 ± 0.06
                                             1          0.87 ± 0.07   1.25 ± 0.05   1.20 ± 0.12   1.07 ± 0.12     1.18 ± 0.15     0.90 ± 0.10
                                             2          0.35 ± 0.01   1.45 ± 0.07   1.50 ± 0.18   1.27 ± 0.10     1.46 ± 0.15     1.19 ± 0.06
  Wet period          Raw water             0.5         1.33 ± 0.16   1.05 ± 0.07   1.04 ± 0.10   0.92 ± 0.03     1.10 ± 0.08     1.01 ± 0.04
                                             1          1.01 ± 0.26   0.96 ± 0.15   1.03 ± 0.13   0.90 ± 0.13     1.04 ± 0.00     0.93 ± 0.05
                                             2          1.28 ± 0.36   1.19 ± 0.09   0.93 ± 0.13   0.89 ± 0.06     1.14 ± 0.18     1.04 ± 0.01
                    Finished water          0.5         1.17 ± 0.33   1.02 ± 0.09   1.16 ± 0.03   0.84 ± 0.04     1.01 ± 0.17     0.96 ± 0.08
                                             1          1.14 ± 0.29   1.11 ± 0.02   1.21 ± 0.01   0.84 ± 0.14     1.12 ± 0.09     1.05 ± 0.04
                                             2          1.05 ± 0.05   1.27 ± 0.06   1.34 ± 0.06   0.96 ± 0.05     1.27 ± 0.04     1.07 ± 0.00
                  Distribution water        0.5         1.96 ± 0.07   1.09 ± 0.09   1.22 ± 0.07   0.80 ± 0.07     1.06 ± 0.22     1.14 ± 0.11
                                             1          1.79 ± 0.10   0.93 ± 0.08   1.07 ± 0.03   0.98 ± 0.02     1.06 ± 0.03     0.98 ± 0.04
                                             2          1.09 ± 0.18   1.15 ± 0.10   1.42 ± 0.19   1.00 ± 0.11     1.25 ± 0.21     1.16 ± 0.09
  Dry period          Raw water             0.5         0.88 ± 0.10   1.05 ± 0.08   1.16 ± 0.02   0.84 ± 0.11     1.06 ± 0.13     1.09 ± 0.09
                                             1          0.89 ± 0.12   1.00 ± 0.05   1.00 ± 0.21   0.85 ± 0.08     0.99 ± 0.13     1.12 ± 0.05
                                             2          0.92 ± 0.03   1.13 ± 0.03   0.93 ± 0.09   0.92 ± 0.13     1.87 ± 0.01     1.23 ± 0.10
                    Finished water          0.5         0.94 ± 0.07   1.06 ± 0.06   1.24 ± 0.04   0.79 ± 0.11     1.24 ± 0.14     0.99 ± 0.07
                                             1          1.01 ± 0.02   1.01 ± 0.08   1.02 ± 0.01   0.89 ± 0.14     1.29 ± 0.01     1.14 ± 0.03
                                             2          1.07 ± 0.05   1.05 ± 0.11   0.98 ± 0.02   1.06 ± 0.05     1.95 ± 0.04     1.29 ± 0.02
                  Distribution water        0.5         1.00 ± 0.05   1.04 ± 0.15   1.46 ± 0.15   0.93 ± 0.09     1.14 ± 0.11     1.10 ± 0.11
                                             1          1.09 ± 0.09   1.06 ± 0.06   0.93 ± 0.05   0.77 ± 0.02     1.38 ± 0.23     1.24 ± 0.04
                                             2          1.41 ± 0.24   1.17 ± 0.10   0.88 ± 0.00   0.88 ± 0.10     1.63 ± 0.12     1.84 ± 0.13

TA100, *Salmonella typhimurium* strain used in the Ames test to detect base-replacement mutants.

MR: mutation ratio, the fold-increase over the negative control plates.

###### Results (MR: mean ± deviation) of the Ames test (TA98) for Plant B

  Period                               Dose (L/plate)         2007                2008                  2009                                              
  -------------- -------------------- ---------------- ------------------ --------------------- --------------------- ----------------- ----------------- -----------------
  Level period        Raw water             0.5           1.71 ± 0.10          1.30 ± 0.16         **2.26 ± 0.74**       1.51 ± 0.17       1.04 ± 0.41       1.10 ± 0.10
                                             1          **2.48 ± 0.17**      **2.09 ± 0.44**       **2.61 ± 0.11**     **2.62 ± 0.50**     0.99 ± 0.48       1.25 ± 0.13
                                             2          **5.41 ± 0.24**      **3.35 ± 0.29**         1.40 ± 0.24       **4.73 ± 0.19**     1.23 ± 0.29       1.84 ± 0.23
                    Finished water          0.5           1.99 ± 0.12      **3.03** ± **0.16**   **3.08** ± **0.50**     1.65 ± 0.19     **2.45 ± 0.10**     1.54 ± 0.11
                                             1          **3.41 ± 0.29**      **4.80 ± 0.31**       **3.64 ± 0.04**     **2.34 ± 0.13**   **3.50 ± 0.34**   **2.68 ± 0.55**
                                             2          **9.95 ± 0.65**      **10.1 ± 0.31**       **7.11 ± 0.79**     **3.73 ± 0.47**   **6.08 ± 0.09**   **5.05 ± 0.21**
                  Distribution water        0.5           1.48 ± 0.05          1.38 ± 0.19         **2.70 ± 0.18**       1.77 ± 0.02       1.90 ± 0.70       1.82 ± 0.20
                                             1            1.94 ± 0.13          1.79 ± 0.46         **4.05 ± 0.55**     **2.86 ± 0.07**   **3.33 ± 0.31**   **2.96 ± 0.25**
                                             2          **3.39 ± 0.19**      **2.52 ± 0.31**      **10.89 ± 0.00**     **4.32 ± 0.51**   **5.20 ± 0.00**   **5.21 ± 0.23**
  Wet period          Raw water             0.5           0.85 ± 0.17          1.21 ± 0.15           1.10 ± 0.76         1.44 ± 0.44       1.28 ± 0.69       1.09 ± 0.42
                                             1            1.00 ± 0.03          1.32 ± 0.05           1.68 ± 0.20         1.58 ± 0.34       1.40 ± 0.82       1.48 ± 0.51
                                             2          **2.24 ± 0.55**        1.92 ± 0.07         **2.22 ± 0.25**     **3.28 ± 0.23**   **2.05 ± 0.41**     1.76 ± 0.25
                    Finished water          0.5           1.35 ± 0.49          1.10 ± 0.08         **3.90 ± 0.71**     **2.19 ± 0.47**     1.51 ± 0.54       1.64 ± 0.40
                                             1            1.91 ± 0.21          1.23 ± 0.06         **5.89 ± 0.29**     **2.89 ± 0.25**     1.85 ± 0.35       1.50 ± 0.22
                                             2          **2.39 ± 0.38**        1.47 ± 0.10        **10.96 ± 0.49**     **7.19 ± 0.48**   **2.63 ± 0.49**   **2.42 ± 0.02**
                  Distribution water        0.5           1.43 ± 0.59          1.39 ± 0.11           1.70 ± 0.87         1.27 ± 0.29       1.42 ± 0.09       1.26 ± 0.47
                                             1            1.66 ± 0.56          1.51 ± 0.19         **2.94 ± 0.42**       1.97 ± 0.02       1.86 ± 0.33       1.62 ± 0.25
                                             2          **2.31 ± 0.59**      **2.10 ± 0.37**       **3.77 ± 0.51**     **3.15 ± 0.04**   **3.02 ± 0.33**   **2.39 ± 0.60**
  Dry period          Raw water             0.5         **3.06 ± 0.17**        0.77 ± 0.30           1.08 ± 0.29         0.71 ± 0.12       1.26 ± 0.06       1.89 ± 0.22
                                             1          **2.23 ± 0.29**        0.82 ± 0.15           0.93 ± 0.33         0.77 ± 0.44       1.42 ± 0.28     **2.43 ± 0.05**
                                             2          **4.18 ± 1.09**        1.68 ± 0.16           1.15 ± 0.53         0.81 ± 0.09     **2.28 ± 0.28**   **3.50 ± 0.58**
                    Finished water          0.5         **3.16 ± 0.42**        1.71 ± 0.14           1.01 ± 0.31         1.05 ± 0.05       1.63 ± 0.25       1.88 ± 0.51
                                             1          **5.15 ± 0.41**        2.17 ± 0.27           1.21 ± 0.23         0.95 ± 0.30     **2.55 ± 0.69**   **2.29 ± 0.32**
                                             2          **10.80 ± 1.76**     **4.77 ± 0.62**         1.25 ± 0.17         1.30 ± 0.09     **3.83 ± 0.82**   **3.82 ± 0.24**
                  Distribution water        0.5         **3.82 ± 0.62**        1.50 ± 0.06           1.29 ± 0.02         1.08 ± 0.12       1.26 ± 0.73       1.65 ± 0.29
                                             1          **4.97 ± 1.84**        1.92 ± 0.11           1.58 ± 0.54         1.08 ± 0.27       1.93 ± 0.01     **2.06 ± 0.43**
                                             2          **9.50 ± 1.02**      **3.93 ± 0.60**         1.73 ± 0.67         1.23 ± 0.47     **2.54 ± 0.19**   **2.95 ± 0.13**

MR: mutation ratio, the fold-increase over the negative control plates.

###### Results (MR: mean ± deviation) of the Ames test (TA100) for Plant B

  Period                               Dose (L/plate)      2007          2008          2009                                      
  -------------- -------------------- ---------------- ------------- ------------- ------------- ------------- ----------------- -------------
  Level period        Raw water             0.5         1.10 ± 0.04   1.09 ± 0.06   0.80 ± 0.06   1.02 ± 0.04     1.61 ± 0.11     1.15 ± 0.11
                                             1          1.12 ± 0.04   1.13 ± 0.10   0.73 ± 0.17   1.11 ± 0.18     1.19 ± 0.03     1.10 ± 0.17
                                             2          0.46 ± 0.02   1.38 ± 0.07   0.49 ± 0.00   1.32 ± 0.03     1.22 ± 0.12     1.31 ± 0.10
                    Finished water          0.5         1.05 ± 0.03   1.09 ± 0.11   1.08 ± 0.16   0.88 ± 0.04     1.72 ± 0.18     1.12 ± 0.05
                                             1          1.67 ± 0.04   1.17 ± 0.09   1.07 ± 0.01   1.02 ± 0.11     1.12 ± 0.20     1.04 ± 0.13
                                             2          0.37 ± 0.01   1.75 ± 0.10   1.33 ± 0.11   1.15 ± 0.02     1.41 ± 0.11     1.34 ± 0.03
                  Distribution water        0.5         1.08 ± 0.04   0.92 ± 0.07   1.10 ± 0.14   1.02 ± 0.11     1.01 ± 0.14     1.11 ± 0.04
                                             1          0.99 ± 0.06   0.83 ± 0.02   1.27 ± 0.02   1.17 ± 0.01     1.28 ± 0.04     1.15 ± 0.12
                                             2          0.45 ± 0.01   1.00 ± 0.03   1.40 ± 0.08   1.07 ± 0.16     1.75 ± 0.19     1.35 ± 0.01
  Wet period          Raw water             0.5         1.03 ± 0.08   0.99 ± 0.05   1.11 ± 0.01   0.97 ± 0.18     1.11 ± 0.09     1.10 ± 0.06
                                             1          1.02 ± 0.25   1.05 ± 0.03   1.11 ± 0.06   0.93 ± 0.06     1.11 ± 0.20     1.04 ± 0.03
                                             2          0.81 ± 0.03   0.81 ± 0.22   1.16 ± 0.06   1.01 ± 0.02     1.36 ± 0.05     1.15 ± 0.10
                    Finished water          0.5         0.95 ± 0.19   1.05 ± 0.02   1.12 ± 0.03   1.04 ± 0.11     1.20 ± 0.10     0.94 ± 0.12
                                             1          1.00 ± 0.06   1.12 ± 0.19   1.44 ± 0.13   1.10 ± 0.10     1.22 ± 0.09     1.05 ± 0.07
                                             2          1.01 ± 0.13   1.20 ± 0.13   1.62 ± 0.08   1.18 ± 0.05     1.28 ± 0.03     1.14 ± 0.06
                  Distribution water        0.5         0.90 ± 0.14   1.03 ± 0.09   1.03 ± 0.18   1.07 ± 0.04     0.99 ± 0.23     1.04 ± 0.15
                                             1          0.96 ± 0.15   1.15 ± 0.08   1.06 ± 0.16   1.10 ± 0.14     1.08 ± 0.21     1.06 ± 0.17
                                             2          1.24 ± 0.11   1.03 ± 0.09   1.27 ± 0.05   0.98 ± 0.13     1.27 ± 0.02     1.19 ± 0.10
  Dry period          Raw water             0.5         0.91 ± 0.07   1.03 ± 0.18   0.96 ± 0.22   0.98 ± 0.11     1.13 ± 0.20     0.96 ± 0.10
                                             1          0.86 ± 0.09   1.07 ± 0.04   0.84 ± 0.07   0.80 ± 0.13     1.12 ± 0.03     1.15 ± 0.05
                                             2          1.02 ± 0.12   1.17 ± 0.10   0.80 ± 0.19   0.85 ± 0.05     1.28 ± 0.20     1.63 ± 0.13
                    Finished water          0.5         0.90 ± 0.09   1.06 ± 0.11   0.98 ± 0.01   0.86 ± 0.05     1.18 ± 0.21     1.07 ± 0.04
                                             1          1.02 ± 0.16   1.08 ± 0.09   1.03 ± 0.01   0.96 ± 0.09     1.46 ± 0.03     1.20 ± 0.17
                                             2          1.07 ± 0.17   1.39 ± 0.08   0.96 ± 0.10   0.91 ± 0.08     1.80 ± 0.07     1.88 ± 0.11
                  Distribution water        0.5         1.06 ± 0.15   1.05 ± 0.06   1.20 ± 0.07   0.91 ± 0.04     1.27 ± 0.02     1.17 ± 0.06
                                             1          1.15 ± 0.06   1.11 ± 0.14   1.06 ± 0.06   0.91 ± 0.15     1.48 ± 0.05     1.14 ± 0.09
                                             2          1.56 ± 0.02   1.30 ± 0.04   0.89 ± 0.17   0.99 ± 0.15   **2.18 ± 0.14**   1.42 ± 0.15

MR: mutation ratio, the fold-increase over the negative control plates.

[^1]: These authors contributed equally to this work.
